ABSTRACT Three aphid species, Aphis gossypii Glover and Myzus persicae (Sulzer) (efÞcient sweetpotato potyvirus vectors) and Rhopalosiphum padi (L.) (an inefÞcient vector), are commonly found in sweet potato, Ipomoea batatas (L.), in Louisiana. Field-grown sweet potatoes are naturally infected with several potyviruses: Sweet potato feathery mottle virus, Sweet potato virus G, and Sweet potato virus 2. Thus, these aphids commonly encounter virus-infected hosts. What is not known is how each of these aphids responds to sweet potato, either infected or virus-free. The objectives of this study were to 1) determine if these aphid species can colonize mixed virus-infected sweet potato ÔBeau-regardÕ, and if so, 2) determine the effects of virus infection on the population dynamics of each aphid. A. gossypii failed to larviposit and R. padi deposited a single nymph that died within a day on mixed virus-infected Beauregard. M. persicae larviposited and colonized Beauregard and further life-table analyses were warranted. M. persicae had a signiÞcantly greater reproduction on sweet potato cultivars Beauregard and ÔEvangelineÕ with mixed virus infection compared with noninfected plants. On morning glory species, Ipomoea cordatotriloba (Dennestedt) and Ipomoea hederacea (Jacquin), M. persicae had a signiÞcantly lower reproduction on Sweet potato feathery mottle virus-infected compared with noninfected plants.
Sweet potato (Ipomoea batatas L.), a member of the family Convolvulaceae, is widely cultivated in tropical and subtropical areas and ranks among the 10 most important food crops worldwide (Loebenstein and Thottappilly 2009 ). Sweet potato is vegetatively propagated and is prone to accumulate viruses that cause cultivar yield decline and reduce storage root quality Hoy 2006, Clark et al. 2010) . Of the sweet potato viruses described so far, the most common worldwide is Sweet potato feathery mottle virus (SPFMV) (Clark et al. 2012 ). In the United States, the most commonly recognized viruses are the potyviruses: SPFMV, Sweet potato virus G (SPVG), and Sweet potato virus 2 (SPV2, synonym ϭ Ipomoea vein mosaic virus) (Clark et al. 2012) . Sweet potato virus C, a distinct species that was formerly SPFMVÐ common strain (Untiveros et al. 2010) , may also be prevalent because it has been detected among Þeld isolates that were previously obtained through natural aphid inoculation of sentinel plants (Ipomoea setosa Ker Gawler), and detected and identiÞed by using a newly developed multiplex reverse transcription-polymerase chain reaction (RT-PCR) technique (Li et al. 2012) .
Sweetpotato potyviruses commonly occur as mixed infections in the Þeld (Souto et al. 2003 , Clark et al. 2010 . Mixed infections of SPFMV, SPVG, and SPV2 in sweet potato ÔBeauregardÕ usually show mild chlorotic spotting and veinal chlorosis or no symptoms, and cause yield losses of Ͻ15% (Clark et al. 2010) . Sweetpotato potyviruses also infect other members of the morning glory family, many of which occur as wild plants or weeds in cultivated Þelds. In Louisiana, the most common morning glory species within or around sweet potato Þelds are Ipomoea cordatotriloba Dennestedt (synonym: Ipomoea trichocarpa Elliot, cotton morning glory) and Ipomoea hederacea Jacquin (ivyleaf morning glory) (Clark et al. 1986 ).
EfÞcient Þeld transmission of these viruses is mainly by several aphid species in a nonpersistent manner (Kennedy et al. 1962) . Myzus persicae (Sulzer) is one of the known efÞcient vectors of these viruses (Wosula et al. 2012a ) and is among the dominant aphids captured in Louisiana and Mississippi sweet potato Þelds (Wosula et al. 2012b) . Other commonly caught aphid species include Aphis gossypii Glover (efÞcient vector) and Rhopalosiphum padi (L.) (inefÞcient vector) (Wosula et al. 2012b ). These three aphid species comprise Ϸ70% of the aphids landing in sweet potato Þelds in the mid-South.
Plant-mediated interactions between pathogens and arthropods are determinants of population dynamics in managed and natural ecosystems (Stout et al. 2006) . Plant viruses can alter plant quality and physiology in ways that can be beneÞcial (Blua and Perring 1992 , Maris et al. 2004 , Belliure et al. 2005 , Srinivasan et al. 2006 , neutral (Wijkamp et al. 1996 , Roca et al. 1997 , Hodge and Powell 2008 , or detrimental (Michels et al. 1994 , Donaldson and Gratton 2007 , Hodge and Powell 2008 , Jimé nezÐMartṍnez and BosqueÐPé rez 2009 , Mauck et al. 2010 ) to vector growth rates, reproduction, longevity, and preference. Increased performance of sucking insects on virusinfected plants, for example, is often correlated with increases in free amino acids and soluble sugars in the phloem sap (Ajayi 1986 , Fereres et al. 1990 , Blua et al. 1994 . Reduced performance could be attributed to poor host quality because of severe virus infection, causing decline in availability of resources because of reduced plant photosynthesis and growth (Gao and Nassuth 1993, Hodge and Powell 2008) .
Vector biology and ecology is, in most cases, neglected when dealing with virus epidemiology (Radcliffe and Ragsdale 2002) . Aphids reported to colonize sweet potato in the Þeld include Aulacorthum solani (Kaltenbach), A. gossypii, Aphis nasturtii (Kaltenbach), Aphis spiraecola (Patch), Macrosiphum euphorbiae (Thomas), and M. persicae (Blackman and Eastop 2006) , but their reproductive behavior on this crop has not been studied. As most sweet potato plants in Louisiana growersÕ Þelds are infected with potyviruses (SPFMV ϭ 100%, SPVG ϭ 50 Ð70%, SPV2 ϭ 25Ð30%) (Clark et al. 2010) , there is a high probability that colonizing aphids will encounter virus-infected plants. In addition, SPFMV infects weedy morning glory plants in Louisiana (Clark et al. 1986 ), but its percent incidence in these plants is unknown. Tugume et al. (2008) reported that in Uganda, 58 Ð 62% of weeds belonging to the family Convolvulaceae expressing virus-like symptoms and in proximity to sweet potato tested positive for SPFMV.
Knowledge on how these viruses affect aphid performance is essential to predict aphid population dynamics and progression of virus epidemics within sweet potato Þelds. We hypothesized that the reproductive behavior of aphids using sweet potato cultivars Beauregard and ÔEvangelineÕ and morning glory species I. cordatotriloba and I. hederacea may be altered if these plants are infected with viruses. The objectives of this study were to 1) determine if A. gossypii, M. persicae, and R. padi can use sweet potato Beauregard with mixed virus infection as a host plant, and if so, 2) determine reproductive behavior of each aphid on virus-infected and noninfected sweet potatoes Beauregard and Evangeline and morning glory species I. cordatotriloba and I. hederacea by conducting life-table analyses.
Materials and Methods
Host Plants. To ensure that plants were initially free of viruses, sweet potato plants were derived from virus-tested mericlones maintained by nodal propagation in tissue culture at the LSU AgCenter Department of Plant Pathology and Crop Physiology. I. cordatotriloba and I. hederacea were established from seeds harvested from single plants that were grown in the greenhouse. All plants were grown in the greenhouse under wide temperature (20 Ð32ЊC) and humidity (21Ð98%) ranges, in 10-cm-diameter clay pots containing autoclaved soil mix consisting of one part river silt, one part sand, one part Jiffy-Mix Plus (Jiffy Products of America Inc., Norwalk, OH), and 3.5 g per pot Osmocote 14 Ð14-14 (Scotts-Sierra Horticultural Products Company, Marysville, OH). Plants were not sprayed with insecticide.
Virus Inoculum. The russet crack strain of SPFMV (SPFMV-RC, isolate 95Ð2) was maintained in Ipomoea nil ÔScarlet OÕHaraÕ in the greenhouse by repeated mechanical inoculation and routinely tested for SPFMV by nitrocellulose membrane enzyme-linked immunosorbent assay (ELISA). A naturally mixed virus-infected sweet potato Beauregard (B 14 G-7) that was grown in Þelds in North Carolina for 7 yr and provided by G. C. Yencho (Department of Horticultural Sciences, North Carolina State University, Raleigh, NC) was maintained by vegetative propagation. B 14 G-7 was tested by using RT-PCR and real-time RT-PCR and after grafting on I. setosa by using nitrocellulose membrane-ELISA, and found to be infected with SPFMV, SPVG, and SPV2, but tested negative for ity (21Ð98%) ranges, were fertilized on a weekly basis with NÐPÐK 20 Ð20-20 (Scotts-Sierra, Marysville, OH), and kept free of insecticides. Wheat plants were grown in a growth chamber with temperature set at 25ЊC, a photoperiod of 14:10 (L:D) h, and humidity at 80%. A cohort of 5Ð10 aphids was placed on fresh plants by using a paint brush to establish a new colony every 2Ð3 wk.
Establishment of Virus-Infected Host Plants. Mixed virus-infected sweet potatoes Beauregard and Evangeline plants were established by using single node cuttings from plants that were previously graft inoculated with the naturally infected sweet potato Beauregard (B 14 G-7). Virus-tested sweet potato Beauregard was graft inoculated with SPFMV-RC isolate 95Ð2 by using scions from infected Scarlet OÕHara plants. Two wedge grafts were made per plant by inserting a single-node vine segment from the source plant into a slit in the stock plant. Only those on which scions survived for 3 wk were used. As titers in sweet potato are often too low for detection by ELISA (Clark et al. 2012) , plants were assayed for successful inoculation by grafting onto the standard virus indicator plant, Brazilian morning glory (I. setosa), and only those that produced typical SPFMV symptoms were used for study. I. hederacea and I. cordatotriloba seedlings were mechanically inoculated with SPFMV-RC isolate 95Ð2. Carborundum-dusted cotyledons of plants were rubbed Ϸ5Ð7 d after planting with sap extracts from I. nil plants in which the isolate was maintained. Sap was obtained by grinding small leaf portions expressing symptoms in 1 ml of inoculation buffer (0.05 M sodium phosphate with 0.01 M diethyldithiocarbamic acid) by using a sterilized mortar and pestle. Plants were rinsed with distilled water after inoculation.
Colonization and Survivorship Studies. Ten plants of sweet potato Beauregard with mixed virus infection were established for each aphid species treatment in 10-cm-diameter plastic pots containing autoclaved soil mix consisting of one part river silt, one part sand, one part Jiffy-Mix Plus (Jiffy Products of America Inc.), and 3.5 g per pot Osmocote 14 Ð14-14 (Scotts-Sierra Horticultural Products Company). The plants were used for studies 4 wk after cuttings were planted. Adult apterous aphids were obtained from the respective colonies and transferred into 1.5-ml vials by using a camelÕs-hair brush. Two apterous adults were placed separately on the abaxial surfaces of the second and third unfolded leaves from the top of each individual plant by using 1 cm in diameter ϫ 1 cm in height clip cages (Davis et al. 2008 ) and allowed to larviposit for 24 h. After nymphs were deposited, the adult and all but a single Þrst instar were removed from each cage (Davis et al. 2008 ). The aphids were monitored for survival on a daily basis until they matured and began reproducing (Davis et al. 2008) . The reproducing aphids were transferred to the nearest fresh leaf after every 2Ð3 d to limit effects of deteriorating leaf quality. This experiment was carried out under laboratory conditions (room temperature 20 Ð22ЊC, and a photoperiod of 14:10 [L:D] h). The experiment was repeated three times with 20 aphids each on individual plants giving in total 60 aphids per treatment.
Life- Table Studies for M. persicae. Twenty plants of each plant species per cultivar for each treatment were established in 10-cm-diameter plastic pots containing autoclaved soil mix consisting of one part river silt, one part sand, one part Jiffy-Mix Plus (Jiffy Products of America Inc.) and 3.5 g per pot Osmocote 14 Ð14-14 (Scotts-Sierra Horticultural Products Company). The noninfected and virus-infected plants were used for life-table studies 3 wk after virus inoculation. Adult apterous aphids were obtained from the colony and transferred into 1.5-ml vials by using a camelÕs-hair brush, then placed on plants, and monitored as previously described (colonizing and survivorship studies). Life tables were developed for each test plant following the methods of Birch (1948) . Age (x), age-speciÞc survival (l x ), days to reproductive adult (DTA), number of progeny per female per day (m x ), and age-speciÞc fecundity (l x m x ) were calculated. Intrinsic rate of increase (r m ) was calculated by means of the following equations:
Net reproductive rate (R 0 ) was calculated as:
Finite rate of increase () was calculated as:
Doubling time (DT) was calculated as:
Mean generation time (T) was calculated as:
Each experiment was repeated three times with 20 aphids each on individual plants giving in total 60 aphids per treatment. Tests on noninfected and virusinfected plants were carried out at the same time on each host. Greenhouse temperatures during the study ranged between 22.4 and 32.1ЊC, with an average of 24.6ЊC. These temperatures are within the reported range for reproduction of M. persicae under ßuctuat-ing regimes (Davis et al. 2006) . Data Analysis. The mean intrinsic rate of increase (r m ), net reproductive rate (R 0 ), and mean generation time (T) values, and their respective standard error values, were calculated by using the Jackknife procedure described in the article by Meyers et al. (1986) .
Results
Colonization and Survivorship Studies. Colonizing aphids are those aphid species that settle and reproduce on the host in question. A. gossypii apterae failed to deposit any progeny, and R. padi deposited only one nymph, which perished within 24 h. All 60 apterae of M. persicae deposited progeny that survived on mixed virus-infected sweet potato Beauregard. M. persicae displayed a type II survivorship curve with essentially constant aphid death rates and 50% of the single nymphs left on leaves died after 14 d (Fig. 1) . The mean prereproductive period duration of M. persicae on sweet potato was 6.6 d, and the mean number of progeny produced was 20 per female aptera.
Life-Table Studies for M. persicae. M. persicae was able to reproduce on sweet potatoes Beauregard and Evangeline and the two morning glory species I. cordatotriloba and I. hederacea. The intrinsic rate of increase (r m ) and the net reproductive rate (R o ) of the aphid were signiÞcantly greater on mixed virus-infected compared with SPFMV-infected or noninfected plants for sweet potato Beauregard, but no signiÞcant differences were observed between SPFMV-infected and noninfected plants ( Table 1) . The mean generation time (T) of the aphid was not signiÞcantly different among mixed virus-infected, SPFMV-infected, and noninfected Beauregard. The doubling time was numerically shorter, whereas the Þnite rate of increase () was greater on mixed virus- 1 ). On sweet potato cultivar Evangeline, the intrinsic rate of increase of the aphid was signiÞcantly greater on mixed virus-infected compared with noninfected plants, whereas the generation time and net reproductive rate were not signiÞcant. The doubling time was numerically greater on noninfected, whereas the Þnite rate of increase was greater on mixed virusinfected, Evangeline plants (Table 2 ). Morning glory plants I. cordatotriloba and I. hederacea had signiÞ-cantly greater intrinsic rate of increase and net aphid reproductive rate on noninfected compared with SPFMV-infected plants, whereas the mean generation time was not signiÞcantly different. The doubling time was numerically greater on SPFMV-infected, whereas the Þnite rate of increase was greater on noninfected, morning glory plants (Tables 3 and 4) . Age-speciÞc survivorships (l x ) for M. persicae did not vary for noninfected or virus-infected status within hosts. Noninfected and mixed virus-infected sweet potatoes Beauregard and Evangeline and SPFMV-infected I. hederacea displayed a type II survivorship curve with essentially constant aphid death rates, whereas I. cordatotriloba displayed a hyperbolic death curve (Fig. 1) . However, aphids survived longer on mixed virus-infected and noninfected sweet potato Evangeline compared with the other hosts. Fifty percent of the aphids died after 14 Ð15 d on Beauregard and I. hederacea; on Evangeline, a similar percentage died after 18 Ð20 d; and on I. cordatotriloba, 50% of the aphids died after 2Ð 4 d.
Discussion
M. persicae is capable of colonizing and using sweet potato Beauregard because it larviposited and its progeny survived on this host. A. gossypii and R. padi did not use sweet potato Beauregard as a host. M. persicae also successfully larviposited and its progeny survived on sweet potato Evangeline and the morning glory plants I. hederacea and I. cordatotriloba. Host plant selection by aphids involves responses to a variety of physical and chemical plant characteristics but is mostly affected by gustatory cues detected during stylet penetration of peripheral plant tissues (Powell et al. 2006 ). Initiation of parturition by aphids is an indication of host acceptance. It is stimulated by chemical cues from secondary or primary metabolites that are encountered during brief stylet penetrations (Powell et al. 2006) . These primary or secondary metabolites may attract aphids after landing on suitable hosts, prompting them to settle and larviposit, but in a nonhost, they may deter aphid settling, prompting them to initiate ßight in search of a suitable host (Powell et al. 2006) .
Mixed virus-infected sweet potatoes Beauregard and Evangeline were superior M. persicae hosts, having the greatest aphid reproduction rate based on all parameters measured compared with SPFMV-infected and noninfected plants. On Beauregard, the reproduction of M. persicae was not signiÞcantly different on SPFMV-infected plants and noninfected plants. The reproduction potential of M. persicae on sweet potato based on r m (0.230 Ð 0.367) was comparable with what has been reported on other hosts considered suitable for this aphid (0.158 Ð 0.400) (Sauge et al. 1998; FernandezÐQuintanilla et al. 2002; Nikolakakis et al. 2003; Davis et al. 2006 Davis et al. , 2007 Davis and Radcliffe 2008) . Several authors have reported that virus-infected plants are superior for aphid reproduction compared with noninfected plants (Blua and Perring 1992 , Castle and Berger 1993 , Srinivasan et al. 2006 , BosqueÐ Pé rez and Eigenbrode 2011 . Increased performance on virus-infected plants has been attributed to increased amino acid and sugar concentrations in phloem sap, and this could have contributed to better performance of M. persicae on sweet potato (Ajayi 1986 , Fereres et al. 1990 , Blua et al. 1994 . The lack of differences in reproduction of M. persicae on SPFMVinfected and noninfected sweet potato Beauregard suggests SPFMV alone may not cause plant physiological changes that affect this aphid species. Hodge and Powell (2008) also reported neutral effects of virus-infected plants on aphid reproduction.
Morning glories I. cordatotriloba and I. hederacea infected with SPFMV were inferior to M. persicae compared with noninfected plants. The low r m on SPFMV-infected I. cordatotriloba (Ϫ0.032) was comparable with what has been reported on plant species considered to be poor hosts of M. persicae (Davis et al. 2008) . Several authors have indicated virus-infected plants are inferior hosts to aphid reproduction compared with noninfected plants (Michels et al. 1994 , Donaldson and Gratton 2007 , Hodge and Powell 2008 Mauck et al. 2010) . Reduced performance on virus-infected morning glories could possibly be because of morphological and physiological changes that could make it difÞcult for aphids to access the phloem or proper nutrient availability, as reported in other studies (Gao and Nassuth 1993 , Williams 1995 , Herbers et al. 1997 , Jimé nezÐMartṍnez and BosqueÐPé rez 2009 . Preliminary electrical penetration graph technique studies indicate M. persicae spends less time in the phloem on SPFMV-infected I. cordatotriloba and I. hederacea compared with noninfected plants (E.N.W., unpublished data). Virus infection could also lead to activation of plant defense metabolites such as phenolic compounds and salicylic acid that are known to deter herbivore feeding (Howe and Jander 2008, Thaler et al. 2010) . These factors could have contributed to poor performance of M. persicae on virus-infected morning glories. Based on M. persicae life-table parameters, sweet potato Evangeline is more aphid resistant than Beauregard. This suggests that Evangeline could reduce aphid population pressure by increasing duration of development and survivorship and reducing fecundity, thus favoring population regulation by natural enemies (Davis et al. 2007) . In a preliminary Þeld study (J.A.D., unpublished data), naturally developing M. euphorbiae and M. persicae populations were greater on Beauregard compared with Evangeline (30 aphids per plant on Beauregard and 19 aphids per plant on Evangeline). Sweet potatoes Beauregard and Evangeline are widely grown in Louisiana. The reduced M. persicae Þtness on Evangeline compared with Beauregard suggests the possibility of using this cultivar to minimize aphid population build up and virus spread. In a previous study (Wosula et al. 2012a) , A. gossypii and M. persicae failed to transmit SPFMV from mixed virus-infected Evangeline, which also had lower virus titers than Beauregard (E.N.W., unpublished data). These desirable attributes in Evangeline (reduced aphid reproduction and low virus titer) could be used to minimize the spread of sweetpotato potyviruses.
Survivorship of M. persicae on sweet potato Beauregard and Evangeline and I. hederacea displayed a type II survivorship curve, which is associated with constant death rate. The shortest survival period was on sweet potato Beauregard, whereas the longest was on Evangeline. Survivorship of aphids varies depending on host plants (Srinivasan et al. 2008) . The extended survivorship accompanied with low net reproductive rate on Evangeline could possibly lower the reproductive Þtness of M. persicae and further expose it to parasites and predators (Davis et al. 2007 ).
This study indicates that the beneÞcial effect of viruses on the performance of M. persicae on sweet potato could have implications on virus epidemiology and control strategies. According to McElhany et al. (1995) , the complex result of the changing frequency of pathogen-infected plants, local spatial structure of the host, and pathogen and vector populations determine the epidemiology of vector-borne pathogens.
The increased reproductive Þtness of M. persicae, an efÞcient vector of potyviruses on virus-infected sweet potato Beauregard, suggests the aphid population is likely to increase rapidly, aggravating spread of viruses. Earlier studies (Kantack et al. 1960 , DiFonzo et al. 1997 , Wosula et al. 2012b ) have observed correlations between high aphid populations and spread of potyviruses in sweet potato and potato Þelds. In addition, M. persicaeÕs ability to colonize sweet potato makes it a potential vector of persistent sweet potato viruses. Sweet potato leaf speckling virus, a polerovirus, is the only known persistent virus vectored by aphids, but it is not yet found in the United States (Clark et al. 2012) .
The negative effect of SFPMV-infected I. cordatotriloba and I. hederacea on M. persicae may prompt aphids to depart and search for healthy plants or better hosts after landing and probing virus-infected plants of these species, and in the process, enhance spread of sweetpotato potyviruses. These morning glories are known hosts of SFPMV in Louisiana, with I. cordatotriloba occasionally acting as a perennial reservoir (Clark et al. 1986 ), and they also tend to have high virus titers compared with sweet potato (Wosula et al. 2012a) . The increased probability of M. persicae to depart from virus-infected plants (because of poor nutritional status), which already have high virus titer, will likely enhance the spread of nonpersistent viruses. This behavior could also occur with other aphid vectors landing on these morning glories. Sweet potato growers should control weedy morning glory plants to minimize their role in the spread of sweetpotato potyviruses. Further work is being done to determine the inßuence of virus infection on feeding behavior of the M. persicae by using the electrical penetration graph technique on hosts used in this study.
